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[57l ABSTRACT 
An alkali metal, such as lithium, is the anodic reactant, 
carbon dioxide or a mixture of carbon dioxide and car- 
bon monoxide is the cathodic reactant, and carbonate of 
the alkali metal is the electrolyte in an electrochemical 
cell for the storage and delivery of electrical energy. 
Additionally, alkali metal-carbon dioxide battery sys- 
tems include a plurality of such electrochemical cells. 
Gold is a preferred catalyst for reducing the carbon 
dioxide at the cathode. 
24 Claims, 1 Drawing Sheet 
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Kunz teaches the use of lithium carbonate and potas- 
sium carbonate as the electrolyte in a fuel cell. 
Fuel cells having alkali metal carbonates as electro- 
lytes are thus known. These fuel cells, however, require 
5 the use of oxygen as the cathodic reactant. Although 
carbon dioxide is provided to the cathode along with 
the oxygen, it is the oxygen which is reduced at the 
electrode. Carbon dioxide acts as a depolarizer, reacting 
trode. 
directed to fuel cells wherein carbon dioxide is used in 
addition to oxygen at the cathode, there remains a need 
for electrochemical cells which use carbon dioxide 
15 exclusively at the cathode for use in environments 
where carbon dioxide is abundant and oxygen is absent. 
SUMMARY O F  THE INVENTION 
ALKALI METAL CARBON DIOXIDE 
ELECTROCHEMICAL SYSTEM FOR ENERGY 
STORAGE AND/OR CONVERSION OF CARBON 
DIOXIDE TO OXYGEN 
ORIGIN OF THE INVENTION 
ees of the U.S. government and may be manufactured 
payment of any royalties thereon or therefor. 
The invention described herein made by employ- 
and used by or for the u*s* government without the 
with the reduced oxygen to remove it from the elec- 
Therefore, while several of the above patents are 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The invention relates t0 electrochemical cells and 
more particularly to fuel cells which use alkali metal as 
the anodic reactant. 
2. Description of Prior Art According to the present invention an electrochemi- 
Generally, batteries or electrochemical cells are 20 cal fuel cell for the storage and delivery of electrical 
sealed devices which contain fmed amounts of cathodic energy comprises an anode comprising an alkali metal 
and anodic reactants, which are usually quite heavy. If as anodic reactant, a cathode comprising carbon dioxide 
the battery is a “primary” device it must be replaced or a mixture of carbon dioxide and carbon monoxide as 
after one use. For remote, especially extraterrestrial, the cathodic reactant, and an electrolyte comprising the 
sites, the difficulty and expense of resupply can be bur- 25 carbonate of the alkali metal. Because of the reducing 
densome. power of the alkali metal anodic reactant, a solid bamer 
Electrochemical cells which use an alkali metal as capable of conducting the alkali metal ions must sepa- 
anodic reactant have been described. U.S. Pat. Nos. rate the alkali metal from the alkali metal carbonate, to 
3,932,195 to Evans et al., 3,982,9589 to Partridge et al. prevent a direct chemical reaction. This barrier serves a 
and 4,041,216 to Desplanches et al. teach batteries 30 Purpose analogous to that of sodium beta-alumina in the 
wherein the alkali metal, sodium, is the anodic reactant sodium-sulfur battery. The alkali metal Carbonate iS in 
and sulfur is the cathodic reactant. physical contact with the alkali metal ion conducting ne use of other alkali earth metals as the anodic solid barrier and the cathode. Additionally, the present 
reactant in fuel cells is also known. Fuel cells are elec- invention pertains to an dioxide 
supplying the electrodes are stored separately and pro- cal the being comprised Of anodes compris- 
ing an alkali metal as anodic reactant, cathodes compris- vided to electrodes on demand. Such fuel cells are par- 
ing carbon dioxide or a mixture of carbon monoxide and ticularly useful in environments where the replacement carbon dioxide as cathodic reactant and an electrolyte 
40 of the carbonate of the alkali metal separated from the of electrochemical cells which have used up their reac- 
alkali metal anodic reactant by a barrier capable of tant chemicals is especially inconvenient. See, for exam- ple U.S. Pat. No. 4,491,629 to Sarbacher et al. The ‘629 the ions of the alkali An especially patent teaches a battery wherein aluminum is the anodic preferred embodiment uses a gold catalyst at the cath- reactant. It is suggested that lithium would also be a ode to promote the reduction of dioxide. 
battery uses oxygen as the cathodic reactant and its use forms a novel method of producing electrochemical is therefore restricted to locations where oxygen is in energy anodic reactants are extremely 
energetic and light, and a cathodic reactant, which large supply, limiting its use to terrestrial locations. 
are materials which are easily reactive with carbon transportation Such electrochemical -us are 
dioxide, the entrance of carbon dioxide into these cells useful in where -bon &ox- 
is therefore undesirable. The carbon dioxide reacts with ide is plentiful, = for example, an industrial site where 
the electrolyte and forms a Precipitate which aCCumU- carbon dioxide is a by-product or an extraterrestrial site 
lates at the surface of the porous electrodes of the cell, such as M~ or venus. 
reducing the efficiency and performance of the cell. 55 
U.S. Pat. No. 3,511,712 to Giner teaches a process BRIEF DESCRIPTION OF THE DRAWING 
wherein undesirable carbon dioxide is removed from FIG. 1 shows an electrochemical cell of the present 
gas streams of oxygen and hydrogen which are supplied 
to the cathode or anode of a fuel cell. FIG. 2 shows an alternative mode for recharging a 
U.S. Pat. No. 4,041,210 to Van Dine teaches a power 60 cell of the present invention by using an external power 
plant which uses fuel cells wherein hydrogen is pro- 
vided to the anode, oxygen along with carbon dioxide is 
provided to the cathode, and an alkali metal carbonate 
is the electrolyte. U.S. Pat. No. 4,317,865 to Trocciola 
et al. and U.S. Pat. No. 4,581,302 to Vine et al. teach an 65 
electrolyte matrix for a fuel cell which uses carbonates 
which are molten at operating such as alkali metal car- 
bonates, as the electrolyte. U.S. Pat. No. 4,591,538 to 
metal 
trochemical cells wherein one or both of the chemicals 35 battery system comprising a plurality of electrochemi- 
anodic reactant due to its high energy. This 45 The fuel of the present invention therefore per- 
Since the electrolytes in many types of since it can be extracted from its environment, exacts no 
invention. 
SOU=. 
OF PREFERRED 
EMBODIMENTS 
Referring to FIG. 1, an electrochemical cell for the 
storage and delivery of electrical energy comprises 
anode 2, alkali metal ion conducting solid 3, cathode 4, 
and electrolyte chamber 6 wherein the electrolyte is in 
5,213,908 
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physical contact with alkali metal ion conducting solid 
3 and cathode 4. An alkali metal is delivered to and 
stored in anode cavity 12 to undergo reaction at anode 
2. Carbon dioxide is preferably extracted from the envi- 
ronment and delivered into cathode cavity 14 for reac- 5 
tion at cathode 4. In environments where the supply of 
carbon dioxide is not suitable for direct use in the cell 
and must be processed prior to entering cathode cavity 
14, the carbon dioxide passes through carbon dioxide 
conditioner 16. 10 
The carbon dioxide is preferably mixed wiih carbon 
monoxide for delivery to cathode 4. Said carbon mon- 
oxide, being a product of the cathodic reaction, can be 
obtained by recirculating a portion of the effluent 
stream 7 from the cathode cavity 14 to the incoming 15 
carbon dioxide stream via bypass 20. 
Alkali metals suitable for use in the present invention 
for reaction at the anode include lithium, sodium, and 
potassium, with lithium being preferred. Lithium is 
especially useful because of its high energy density 20 
(6300 whhg),  second only to hydrogen, and it there- 
fore easily lends itself to being transported to remote 
locations for replenishing the cell. 
At operating temperature, both the alkali metal an- 
odic reactant and the electrolyte will be liquid (molten). 25 
Anode 2 therefore can be, alternatively, a metallic wire 
screen which is submerged in free liquid anodic reactant 
or a porous metallic structure which constrains the 
liquid anodic reactant by capillary forces. The electro- 
lyte can exist as a free liquid within electrolyte chamber 30 
6 or can be constrained within a porous ceramic struc- 
ture by capillary forces. 
Suitable metals from which to compose the anode are 
those which are good electronic current conductors 
and are stable chemically in the presence of alkali met- 35 
als. Examples of such metals include, but are not limited 
to, niobium, ferritic stainless steels, iron, molybdenum 
and tantalum. Ferritic stainless steels are preferred. 
The cathode 4 is an electron collector and conductor 
and preferably incorporates a catalyst to promote the 40 
reduction of carbon dioxide. There is a three phase 
interface between the carbon dioxide cathodic reactant, 
the catalyst and the electrolyte. The cathode 4 can be a 
porous metal or wire screen conductor which is cata- 
lyzed and in contact with the molten electrolyte. Alter- 45 
natively, cathode 4 can be a porous ceramic material 
with a surface coating of catalyst particles in contact 
with a wire screen current collector. Suitable materials 
for use as a catalyst at cathode 4 of the present invention 
include, but are not limited to certain metal oxides, as 50 
for example, perovskite-like and pyrochlore-like struc- 
tures, gold and platinum, with gold being preferred. 
When gold is used as the catalyst to promote the reduc- 
tion of carbon dioxide at the cathode, it is preferable 
that it be finely divided and dispersed on an appropriate 55 
current collector and conductor. 
The various options and configurations for the anode, 
cathode and electrolyte are chosen dependent on the 
geometric orientation of the particular electrochemical 
cell. For example, in cells which use lithium as the 60 
anodic reactant and hence lithium carbonate as the 
electrolyte, the lithium and the lithium carbonate are 
liquids at operating temperature while the carbon diox- 
ide is a gas; therefore constraints are placed on the 
physical structure and orientation of the respective 65 
components to avoid bubbling and flooding or draining 
of components. Additionally, there exists the need to 
prevent direct contact between the molten lithium and 
4 
the lithium carbonate or they will react chemically 
before the cell is able to generate electrochemical en- 
ergy. Moreover, the anode and cathode must be posi- 
tioned so that they provide a stable interface between 
the reactant phases (the lithium and the carbon dioxide), 
the electrolyte phase (lithium carbonate) and the elec- 
tron-conducting phase. 
Since lithium carbonate is, in addition to being the 
electrolyte, also the cell reaction product, it is therefore 
necessary to remove or store internally excess lithium 
carbonate from electrolyte chamber 6. The present 
invention further includes means 18 for removing ex- 
cess lithium carbonate from electrolyte chamber 6, such 
as an overflow control or wicking device which func- 
tions in a manner which prevents intercell shorting. 
In operation, as the electrochemical cell as repre- 
sented in FIG. 1, having lithium as the anodic reactant, 
is heated to its operating temperature of 800' C.-900' C. 
(the melting point of lithium is 180" C.), the lithium 
carbonate electrolyte becomes molten at 729" C. and 
disassociates to positively charged lithium ions and 
negatively charged carbonate ions. 
At anode 2, molten lithium is oxidized producing 
lithium ions and electrons. The electrons are given up to 
external circuit 10. 
The carbon dioxide which is introduced into cathode 
4 is reduced by the electrons given up to the external 
circuit by lithium, to form carbon monoxide and a car- 
bonate ion. The overall reaction is 
2CO2 + 2e -433 + CO3= 
The reduction of carbon dioxide is preferably cata- 
lyzed at cathode 4 by a catalyst such as a metal oxide, 
gold or platinum. Gold is preferred as the catalyst. 
The overall cell reaction product, lithium carbonate, 
is eventually removed from electrolyte chamber 6 by 
overflow means 18. 
In a preferred embodiment, a mixture of carbon diox- 
ide and carbon monoxide is supplied to cathode 4. Since 
carbon monoxide is a product of the cathodic reaction 
and is thus continuously ejected into the reactant gas 
stream, a portion of the effluent stream 7 could be recy- 
cled via bypass 20 to build up the carbon monoxide 
concentration to the desired level. 
It is hypothesized that at the cathode the carbonate 
ion dissociates to carbon dioxide and an oxygen ion, a 
reaction which is promoted by the initial electrochemi- 
cal consumption of C02 present at the electrode. 
C03=-+0= 
The buildup of the oxide ion at the electrode surface 
can strongly impede cathode performance. Hence, it is 
hypothesized that the presence of carbon monoxide at 
the cathode serves to depolarize the cathode of oxide 
ions. 
The COz' ion is quite soluble in the molten carbonate, 
with solubility comparable to that of C02, and about 3 
5,213,908 
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times greater than that of CO. CO2’is also produced in 
the cathodic charge transfer sequence. 
useful in environments where an oxygen process stream 
107 is at a premium. 
co2+2e-a2= EXAMPLE 
the C02= ion with carbon dioxide, producing the ex- 
pected products of the overall reaction, carbon monox- 
ide and carbonate ion, thus regenerating carbon monox- 
ide for a continuation of the depolarization process at 
the cathode. 
CO2=+CO&O+CO3= 
This proposed reaction sequence illustrates the car- 
bon monoxide molecule transporting O= ions from the 
cathode surface into the bulk melt via C02= ions, and 
there being regenerated for return to the cathode. 
The present invention includes a battery system 
which comprises a plurality of electrochemical cells in 
accordance with the foregoing description. The cells 
can be arranged in a bipolar series connection by the 
insertion of an electron conductor such as a stainless 
steel diaphragm between the anode cavity 12 of one cell 
and the cathode cavity 14 of an adjacent cell. Alterna- 
tively, the cells can be connected in series by edge con- 
nection between electrodes of adjacent cells. A con- 
ducting strap connects the anode 2 of one cell to the 
cathode 4 of the adjacent cell. This connection is less 
favorable than the bipolar connection because it intro- 
duces increased resistance losses. 
The batterv svstem can further comDrise a means 16 
- -  
counter electrode, was supported by a nickel disk sus- 
pended by nickel tie rods from a watercooled cell 
cover. The cup was insulated electrically from the sup- ’’ porting nickel disk by an intervening alumina disk. Alu- 
mina baffles were spaced above the cup to minimize 
thermal gradients due to radiation and convection. The 
watercooled cell cover made possible the use of O-ring 
compression fittings, enabling the vertical positioning of 
cell components such as the working and reference 
electrodes, reactant gas feed tubes and the cell thermo- 
couple. The cell was enclosed in an alumina sheath and 
suspended in an “Inconel 600” container which was, in 
2o turn, positioned vertically in a tubular furnace.‘ The 
portion of the “Inconel” container that extended above 
the furnace was also water-cooled, ensuring the integ- 
rity of rubber O-ring flange seals between the cell cover 
and the container, and those in the fittings in the cell 
The working electrode was 99.985 wt % gold foil 
(Johnson Matthey, Inc.), 1 cm by 1 cm by 0.5 mm. The 
melt depth was 2.5 cm and the working electrode was 
vertically centered in the melt and horizontally cen- 
30 tered in the counter electrode cup. The reference elec- 
trode consisted of an outer 6.35-mm-diameter tube and 
an inner 3.18-mm-diameter tube, both of 99.8 wt % 
alumina (Coors); 0.813-mmdiameter, 99.9 wt. % gold 
25 cover. 
- 
for conditionkgand delivering the catiodic reactant to wire (Johnson Matthey); and assorted Plastic fittings fW 
cathode 4 (FIG. 1). This would be necessary, for exam- 35 -ling the electrode and connecting it to the gas SUPPlY 
pie, in the Martian environment where the atmospheric system. The reference gas entered the electrode via the 
. carbon dioxide pressure is very low. The system would annulus between the gold wire and the inner tube, and 
serve to compress the carbon dioxide to a pressure exited between the inner and outer tubes. The outer 
which would be usable in the battery system. In other tube rested flush on the bottom Of the counter electrode 
environments where the atmosphere includes constitu- 40 CUP, trapping melt Yet providing a th in - fh  high- 
ents which would interfere with cell performance, e.g., impedance Path for continuity between the trapped 
those which would react with vital cell components, the melt and the bulk melt of the cell. The tube ex- 
system’s conditioning would remove the harmful con- tended about halfway down from the cell cover, and the 
stituents. gold wire continued to about 1 mm from the bottom of 
The electrochemical cell of the present invention 45 the counter electrode CUP. Gold Wire leads to the exter- 
represented by FIG. 1 can be “recharged” by the physi- n d  Circuit from the Working and counter electrodes 
cal replenishment of the alkali metal, lithium, which has were enclosed in 3-18-mm-diameter alumina tubes and 
been consumed, into anode cavity 12. In an alternative Were externally sealed at the tube ends with epoxy resin. 
mode of recharging the cell, as shown in FIG. 2, the Prior to cell assembly, all gold electrode surfaces were 
battery cell would be recharged by electrolyzing the 50 washed in amtone, hPrOPYl alcohol, and deionized 
stored excess electrolyte 108 by the application of exter- water. 
nal electrical energy from, for example, a central station A chromol-alumel (type Kf6’  C., accuracy) ther- 
120 powered by a nuclear reactor or solar photovoltaic mocouple was sheathed in a 3.18-mm-diameter “Inconel 
arrays. The reaction at lithium electrode 102 when the 600” tube with the lower 7.5 cm gold-plated. The reac- 
battery is recharged in this manner, is the reduction of 55 tant gas feed was a 3.18-mm-diameter, 99.8% alumina 
lithium ions to lithium metal: tube that could be positioned to bubble the gas through 
the melt. Two reactant gases were used: 99.9 mol % 
CO2 and an equimolar mixture ( f l  percent mixing 
accuracy) of 99.99 mol % CO2and 99.3 mol % CO. The 
At carbon dioxide electrode 104, the application of an 60 gases were dried in a molecular sieve column (type 4A, 
external electrical charge would result in the oxidation Union Carbide) and purified Over copper turnings in an 
of carbonate ions to form oxygen atoms and carbon in-line tube furnace. Flows were set by hand and moni- 
dioxide molecules. tored with rotameters (Cole-Parmer, +2 percent accu- 
racy). The Li2CO3 electrolyte (Fischer Certified ACS 
Power to the cell furnace was regulated by a zero-fir- 
ing solid-state relay by a digital, solid-state 
~croprocessor (Them-Pro, Inc.). Stability was +2m 
2Li++2e-+2Li 
65 grade) was used as purchased. c03’-+ / 02+2e-  
Although this latter embodiment is not electrochemi- 
cally eficient (1.7 volts to discharge as compared to 2.7 
volts to charge) this embodiment may be especially 
5.213.908 
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C. A model 273 potentiostate (EG&G Princeton Ap- 
plied Research Corp.) was used for the electrochemical 
experiments. 
Procedure 
The composition of the reference gas was identical to 
that of the reactant gas stream. 
Linear sweep voltammetry was used to evaluate the 
performance of the working electrode in response to 
changes in pressure, temperature, and reactant gas com- 
position, and to the presence or absence of bubbling 
through the melt. Generally, cathodic sweeps were 
made at 20, 40, and 80 mV/sec to a polarization of 
- 100 mV from the rest potential. The test parameters 
were total pressures of 1.2X IO5 and 2.1 X 105 N/m*; 
melt temperatures of 8000, M O O ,  and 900" C.; reactant 
feeds of C02 and an equimolar CO2-CO mixture; and a 
bubble rate, when used, of about 30 ml/min. Because of 
the cell configuration and the high conductance of the 
molten Li2CO3, about 5 (n-cm)-1 at 850' C., IR-correc- 
tions have not been applied to the measured currents. 
When switching from one reactant gas to the other, a 
laboratory vacuum pump (Leybold, Inc., Model D1.6B) 
was used to exhaust the existing gas from the cell, and 
the cell was then repressurized with the replacement 
gas. The melt was cooled below its solidification tem- 
perature of 723' C. to prevent bulk disassociation. 
When switching from pure C02 to the mixture, it was 
sufficient to carry out only one or two vacuumhepress- 
urization cycles. When switching from the gas mixture 
to pure C02 in order to quite completely remove the 
CO component from the cell, four cycles were exe- 
cuted, theoretically reducing the gas phase CO concen- 
tration to the order of 10 N/m2. 
The partial pressure of C02 in the gas above the melt 
was maintained at values greater than the equilibrium 
dissociation pressure at the existing temperature. 
What is claimed is: 
1. An electrochemical cell for the storage and deliv- 
an anode comprising an alkali metal as anodic reac- 
ery of electrical energy, comprising: 
tant, 
a 
selected from the group consisting of a porous metal, a 
metal wire screen and a porous ceramic in contact with 
a metal wire screen. 
8. The electrochemical cell according to claim 7, 
5 wherein said catalyst is selected from the group consist- 
ing of metal oxides, gold and platinum. 
9. The electrochemical cell according to claim 8, 
wherein said metal oxide is a perovskite-like or a pyro- 
chlore-like structure. 
10. The electrochemical cell according to claim 8, 
wherein said catalyst is gold. 
11. The electrochemical cell according to claim 1, 
wherein said electrolyte is a free liquid at operating 
temperatures or is constrained within a porous ceramic 
12. The electrochemical cell according to claim 1, 
wherein said anode reactant is a free liquid at operating 
temperatures or is constrained within a porous ceramic 
structure or a porous metallic structure by capillary 
13. The electrochemical cell according to claim 1, 
wherein the cathodic reactant is a mixture of carbon 
monoxide and carbon dioxide. 
14. The electrochemical cell according to claim 1, 
which further comprises means for removing or storing 
" excess carbonate of alkali metal. 
15. An alkali metal carbon dioxide battery system 
comprising a plurality of electrochemical cells which 
comprise an anode comprising an alkali metal as anodic 
reactant, a cathode comprising carbon dioxide or a 
30 mixture of carbon dioxide and carbon monoxide as 
cathodic reactant, an alkali metal ion conducting solid, 
and an electrolyte comprising the carbonate of the al- 
kali metal, said electrolyte being in physical contact 
with the alkali metal ion conducting solid and the cath- 
35 ode, and said alkali metal ion conducting solid separat- 
ing the alkali metal from the electrolyte. 
16. The battery system according to claim 15, 
wherein the electrochemical cells are connected in bi- 
polar series. 
17. The battery system according to claim 15, which 
further comprises a means for conditioning and deliver- 
10 
15 structure by capillary forces. 
2o forces. 
a cathode comprising carbon dioxide or a mixture of 
carbon dioxide and carbon monoxide as cathodic 
reactant, comprising: 
ing said carbon dioxide to each said cathode. 
18. A process for producing electrochemical energy, 
simultaneously contacting: (1) an alkali metal with an 
anode, (2) an alkali metal ion conducting solid with 
the anode, (3) carbon dioxide or a mixture of car- 
bon dioxide and carbon monoxide with a cathode, 
and (4) carbonate of the alkali metal with the alkali 
metal ion conducting solid and the cathode; 
thereby reducing carbon dioxide at the cathode and 
releasing electrons at the anode. 
19. The process according to claim 18, wherein said 
alkali metal is selected from the group consisting of 
20. The process according to claim 19, wherein said 
alkali metal is lithium. 
21. The process according to 18, wherein the cathode 
is in contact with a catalyst. 
22. The process according to claim 21, wherein said 
catalyst is selected from the group consisting of metal 
oxides, gold and platinum. 
23. The process according to claim 22, wherein said 
catalyst is gold. 
24. The process according to claim 18, wherein a 
mixture of carbon dioxide and carbon monoxide is con- 
tacted with the cathode. 
an alkali metal ion conducting solid, and 
an electrolyte comprising the carbonate of said alkali 
metal, 
said electrolyte being in physical contact with said 
cathode and said alkali metal ion conducting solid, 
and said alkali metal ion conducting solid separat- 50 
ing said alkali metal reactant from alkali metal 
carbonate electrolyte. 
2. The electrochemical cell according to claim 1, 
wherein said alkali metal is lithium, sodium or potas- 
sium. 
3. The electrochemical cell according to claim 2, 
wherein said alkali metal is lithium. 
4. The electrochemical cell according to claim 1, 
wherein the anode is a wire screen or a porous, elec- 
tronically conductive capillary containment structure. 60 
5. The electrochemical cell according to claim 4, 
wherein the anode is composed of a member selected 
from the group consisting of niobium, ferritic stainless 
steel, iron, molybdenum and tantalum. 
6. The electrochemical cell according to claim 5, 65 
wherein the anode is composed of ferritic stainless steel. 
7. The electrochemical cell according to claim 1, 
45 
55 lithium, sodium and potassium. 
wherein said cathode is in contact with a catalyst and is * * * + *  
